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Reactivity of glomerular afferent and efferent arterioles in renal
hypertension. Renal tissue from neonatal hamsters was grafted
into the cheek pouch of adult hamsters. Renal hypertension was
induced in 28 hamsters, and sham operation was performed in
27. When blood pressure became elevated in hypertensive ham-
sters (10 to 12 days), the renal microcirculation of both groups
was evaluated by direct microscopy. Wall and luminal diameter
and vascular responses to norepinephrine (NE) and angiotensin
II (All) were determined on glomerular afferent and efferent arte-
rioles and on the corresponding cheek pouch arterioles. In the
hypertensive hamsters, the luminal diameter of the afferent arte-
riole increased, as did the wall/lumen ratio of the efferent arteri-
ole. Although all vessels responded to direct application of NE
and All in both groups, the response of the afferent to All and
the response of the efferent to both NE and All was greater in
the hypertensive hamsters as compared to the sham-operated
hamsters. These results indicate that during the development of
renal hypertension structural alterations of glomerular vessels
and the selective vascular responses to vasoactive agents would
lead to an increased glomerular capillary pressure.
Réactivité des arterioles afférentes et efférentes dans l'hyper-
tension rénale. Le tissu renal de hamsters nouveau-nes a ete
greffë dans la poche jugale de hamsters adultes. L'hyperten-
sion rénale a été induite chez 28 hamsters (HT) alors que
27 subsissaient un simulacre d'opération (NT). Quand Ia pres-
sion artérielle est devenue élevée chez les hamsters HT (10
a 12 jours), Ia microcirculation rénale des deux groupes a été
étudiée par microscopie directe. Les diamètres pariétal et lumi-
nal et les reponses vasculaires a Ia norépinéphrine (NE) et a
l'angiotensine II (All) ont été déterminés sur des arterioles
glomérulaires afférentes et efférentes en méme temps que pour
les arterioles de Ia poche. Chez les HT le diamétre luminal des
arterioles afférentes augmente de méme que le rapport paroi/Iu-
mière de l'arténole efferente. Bien que tous les vaisseaux repon-
dent a l'application directe de NE et All dans les deux groupes,
Ia réponse des arterioles afférentes a All et des efférentes a NE
et All sont supérieures chez HT comparativement a NT. Ces
résultats indiquent que durant le developpement de l'hyper-
tension rénale des modifications de structure des vaisseaux
glomCrulaires et des reponses vasculaires sélectives aux agents
vasoactifs doivent conduire a une augmentation de Ia pression
capillaire glomerulaire.
chemia was associated with an increased filtration
fraction. These results were characteristic of a
greater than normal efferent arteriolar resistance.
They postulated that the increased resistance was
due to the selective effect of a pressor substance on
the efferent arteriole. By direct micropuncture,
Azar, Tobian, and Johnson [2] determined that the
pressure drop across the efferent arteriole was nor-
mal in hypertension, indicating a normal resistance
in this area of the renal circulation. Measuring the
effective renal blood flow in hypertensive patients,
Bolomey et al [3] reported that renal blood flow was
reduced and thus renal resistance was increased.
Measuring blood pressure, renal blood flow, gb-
merular filtration rate, protein concentration, and
renal venous pressure in hypertensive patients, Go-
mez [4] determined also that renal resistance was
increased, and he calculated that the afferent arteri-
ole was the major site of the increased resistance.
Corcoran and Page [5] described differences in in-
trarenal resistance associated with two phases of
hypertension. The early phase of hypertension was
characterized by an increased afferent resistance,
whereas the second and more severe phase was
characterized by an increase in both afferent and ef-
ferent arteriolar resistances. They suggested that
the first phase was neurogenic in origin, whereas
the second phase was due to hormonal factors.
Peart and Brown [6] found that angiotensin II
(All) infusion in northal patients caused anti-
diuresis, but in patients with hypertension a diuresis
was observed. They concluded that in the hyperten-
sive state the intrarenal vessels were less sensitive
Few studies have investigated directly structural
alterations and vascular reactivity of the renal mi-
crocirculation in the hypertensive state. Measuring
inulin and diodrast clearance in patients with hyper-
tension, Goldring et al [1] determined that renal is-
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Fig. 1. Panel A: Microscopic apparatus with the suffusion tubing. Panel B: Photomicrograph of the renal transplant depicting the
numerous glomeruli and their vascular architecture. Panel C: Photomicrograph of one glomerulus with a distinct afferent and efferent
arteriole. Also, numerous glomerular capillary tufts are readily apparent.
to All. Gombos et a! [7] measured blood pressure,
glomerular filtration rate (GFR), and renal plasma
flow in hypertensive patients before and during the
infusion of epinephrine or norepinephrine (NE).
They found the same values for normal and hyper-
tensive patients. Folkow et a! [81 demonstrated,
however, an increased maximum response to nor-
epinephrine in the renal vasculature of the intact
spontaneously hypertensive rat (SHR). This finding
along with a decreased renal resistance at maximum
dilation led these investigators to suggest that in the
SHR the renal vasculature was characterized by hy-
pertrophy of smooth muscle in the walls of the renal
arterioles.
The technique of renal transplantation into the
cheek pouch of the hamster, originally described by
Greenblatt et al [9] and more recently characterized
by Oestermeyer and Block [10], has enabled de-
tailed examination of glomerular flow. Using this
model, we recently have described [11] the vasoac-
tive response of arterioles in renal tissue trans-
planted into normotensive hamsters. The greatest
response to norepinephrine was at the afferent arte-
riole, whereas the efferent arteriole responded
greater to All. Using the same model, we have
characterized the transplanted renal microvascula-
ture in the hypertensive state.
Methods
Following indirect measurements of arterial
110
blood pressure [121, renal tissue from newborn
hamsters (< 24 hr) was grafted into the cheek pouch
of 55 adult hamsters according to the basic tech-
nique described by Greenblatt and Shubik [131 and
Greenblatt et al [9]. The plastic chamber was modi-
fied for suffusion purposes by drilling holes in both
sides, and the mica cover was replaced with a syn-
thetic cover (Saran) which was easily removed for
experimentation. Briefly, transplantation was ac-
complished as follows: After insertion of a base-
plate into the cheek pouch of the hamster, the cheek
pouch membrane was exposed, the newborn kidney
tissue was placed on the membrane, and the Saran-
covered upper chamber was seated over the tissue.
The tissue was flattened, and the chamber was se-
cured with a purse-string suture.
Concomitant with the renal grafting and after the
recipients' kidneys were exposed with a retroperi-
toneal incision, a bilateral Grollman procedure (fig-
ure-eight ligature around each kidney) was com-
pleted in 28 animals, and 27 animals were sham-op-
erated (ligatures placed around each kidney but not
tied) [14]. Blood pressure measurements, viewing
of the renal graft, and experimentation were accom-
plished within 8 to 10 days.
To evaluate the renal microcirculation, we
anesthetized the hamsters with pentobaribtal so-
dium (6 mgIlOO g of body wt, i.p.), and removed the
Saran by filling the well of the chamber with Ring-
er's solution, making several small incisions in the
-t
1
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Saran with a fine needle, and carefully peeling the
Saran from the membrane. This technique allowed
for minimal damage to the underlying membrane
and left the renal tissue graft intact. Once the mem-
brane was exposed, the animal was placed on a
heated stage under the microscope. The holes pre-
viously drilled on each side of the chamber were
connected via polyethylene tubing to a gravity-fed
reservoir (Tris-buffered Ringer's solution) on one
side and to suction on the other side (Fig. 1A). The
membrane was suffused (4.0 mllmin) at a constant
temperature (350 C).
Glomeruli selected for study had a single well-de-
fined afferent arteriole which originated from an in-
terlobular artery (Fig. 1, B and C). The efferent ar-
terioles were also well defined, but most of them
branched into a type of peritubular capillary sys-
tem. Also, the glomeruli tested in this study pos-
sessed a number of well-perfused capillary tufts
(Fig. 1C). Glomeruli which appeared to be imma-
ture, that is, single sinusoids or few developed gb-
merular tufts, were not selected for study [15]. Drug
testing on both the afferent and efferent arterioles
was accomplished as close as possible (10 to 20 sm)
to either the entrance or exit of these vessels from
the glomerular tuft. Blood vessel wall and luminal
diameters were measured using a Vicker's image
shearer connected to the microscope. Measure-
ments were determined either directly through the
shearer or via a closed circuit television system
[161. Following control measurements of the blood
vessel wall and luminal diameters, doses of 0.05,
0.1, 0.5, and 1.0 ng of NE and All and the vehicle
were micropipetted individually at three sites: the
glomerular afferent and efferent arterioles and a
cheek pouch arteriole of comparable size. All va-
soactive agents and the vehicle (Tris-buffered Ring-
er's solution) were microapplied to each vessel in
3.35-pA volumes. Preliminary studies had shown
that both NE and All produced no tachyphylaxis
when applied to either the afferent or efferent arteri-
ole; therefore, the order, as given above, of drug
application was maintained constant for these ves-
sels. Since the cheek pouch arterioles were found,
however, to be tachyphylatic to All, only one dose
(1.0 ng) of All was tested. The type of vessel tested
was randomized. Figure 2 illustrates an application
of NE to one afferent arteriole. Following drug ap-
plication, the internal diameter of the arteriole was
measured repeatedly for 5 mm. The blood vessel
was allowed to recover for 5 mm prior to the appli-
cation of the next agent. The maximum response of
each arteriole at each dose level was determined.
Fig. 2. Photomicrographs of the application of norepinephrine
(1.0 ng) to one afferent arteriole (before injection, panel A;
10 sec after injection, panel B).
From the maximum response, the percent change in
luminal diameter was calculated: % change = [(con-
trol luminal diameter — minimal luminal diameter)
control luminal diameter] x 100.
The mean values for all arterioles were compared
statistically with the unpaired Student's t test. A P
value of less than 0.05 was considered significant.
Results
Initially, the mean blood pressure for all animals
was 112 2 mm Hg. By day 10, the blood pressure
in the hypertensive group (167 7 mm Hg) was ele-
vated significantly compared to the control pressure
on day 0 or to the blood pressure of the sham-oper-
ated group (113 3 mm Hg) on day 10.
The individual responses of a glomerular afferent
and efferent arteriole, as well as a cheek pouch arte-
riole, to the direct application of NE and All in a
sham-operated (normotensive) and hypertensive
animal are shown in Fig. 3. The control luminal di-
ameter of the afferent arteriole and cheek pouch ar-
teriole was greater in the hypertensive animal as
compared to the normotensive animal. The con-
*4
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strictor response to NE and All in both groups of
animals was rapid, and usually the vessel reached
its minimal luminal diameter within 30 sec after ap-
plication. The maximum constrictor response of the
afferent arteriole (Fig. 3, upper panel) to NE in the
hypertensive animal did not appear to be greater
than that in the normotensive animal, whereas the
response to All was increased in the hypertensive
animal. The maximum constrictor response of the
efferent arteriole (Fig. 3, middle panel) and the
cheek pouch arteriole (Fig. 3, lower panel) to NE
and All was greater in the hypertensive versus the
normotensive animal.
Table 1 gives the mean values for the measure-
ment of wall and luminal diameters and wallllumen
ratios of the afferent, efferent, and cheek pouch ar-
terioles for both groups at day 10. Fourteen of the
grafts from the hypertensive group developed gb-
merular flow (50% success), and 13 grafts from the
sham group were successful (48%). The luminal and
wall diameters for the afferent and cheek pouch ar-
terioles were significantly larger in the hypertensive
group than they were in the normotensive group,
but there was no difference in the wallllumen ratios
for these two groups. For the efferent arteriole,
however, the wall diameter and wallllumen ratio
were significantly greater in the hypertensive group
as compared to the normotensive group. There was
no significant difference in the luminal diameters of
the efferent arteriole for these two groups.
The mean response to norepinephrine for all
blood vessels tested in both groups is shown in Fig.
4. The cheek pouch arterioles of the hypertensive
group responded greater than did the same vessel in
the normotensive group at all doses, with the ex-
ception of the 0.5-ng dose. There was no significant
difference in the response of the afferent arteri-
ole between the normotensive and hypertensive
groups, except at 0.5 ng where there was a de-
creased response in the hypertensive group. The re-
sponse of the efferent arteriole in the hypertensive
group was greater than that in the normotensive
group at all doses except the 1.0-ng dose. There was
no significant difference in the response to the ve-
hicle for any type of arteriole tested for either
group.
The mean response to All of all arterioles tested
for both groups is shown in Fig. 5. The response of
the cheek pouch arteriole for the hypertensive ani-
mals was significantly greater than the response of
the normotensive group was. For the afferent and
efferent arteriole, the response in the hypertensive
animals was increased significantly as compared to
the normotensive animals at all doses, except at the
1 .0-ng dose. The vehicle produced no significant
changes in arteriolar diameter for any vessel in ei-
ther group.
Discussion
Recently, Oestermeyer and Block [101 character-
ized the morphologic maturation of this renal trans-
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Fig. 3. Individual responses of an afferent, efferent, and cheek
pouch arteriole to the application of norepinephrine (NE, 1.0 ng)
and angiotensin (All, 1.0 ng) in a norm otensive and hypertensive
animal. Each response was followed for 5 mm (abscissa) by mea-
suring the luminal diameter (ordinate) of the vessel.
Table 1. Geometric measurements (wall and luminal diameters)
of glomerular vessels and comparable cheek pouch arteriole in
hypertensive and normotensive hamstersa
Cheek pouch arteriole (CPA), afferent arteriole, and efferent
arteriole were tested in normotensive and hypertensive hamsters
10 days after both the renal grafting procedure and the sham-
operation or Groliman procedure. N is number of vessels tested
in each group.
"Luminal and wall diameter in microns and wallllumen ratios
(WIL) are calculated for each individual vessel.
P <0.05 for normotensive vs. hypertensive hamsters.
Renal arteriolar reactivity in hypertension 113
plant, the effect of anesthesia, epinephrine, and
hemorrhagic shock on preglomerular vessel diame-
ter, and the leakage of an acid dye and Evans blue
across the glomerular capillaries. Morphologically,
the renal transplant appeared to contain all of the
elements maintained in an adult nephron. Of the vi-
able glomeruli, 80 to 85% were characterized as
adult-like. These data are consistent with those of
Hobbs and Cliff [17] and Greenblatt et al [9]. The
glomerular capillaries were permeable to the low-
molecular-weight acid dye, but no evidence for
Evans blue leakage could be demonstrated [10]. Af-
ter the acid dye had penetrated Bowman's space, its
passage into the tubular system could be observed.
Therefore, they concluded that the transplant con-
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Fig. 5. Arteriolar response of renal allografts to microapplied
doses of angiotensin II (All) and the vehicle (V) in hypertensive
(._.) and normotensive (o_o)hamsters. Further description is
same as that for Fig. 4.
tamed a continuous tubular system. Also, pre-
glomerular vessel diameters and flow were altered
with pharmacologic and pathologic interventions
[10]. Thus, visual examination, either in vivo or his-
tologically, indicates that this renal transplant has a
normal functioning glomerular unit; further anatom-
ic and physiologic characterization of the model is
required, however, to establish quantitive glomeru-
lar dynamics and tubular function.
Geometric alterations, that is, changes in luminal
diameters, which were observed in the renal allo-
graft after the development of renal hypertension in
the recipient, indicate that the resistance to blood
flow through the glomerulus might be either un-
changed or decreased. Using isolated-perfused re-
nal vascular beds in SHR, Folkow et al [8] have
shown that renal vascular resistance is lower at
maximal vasodilation than it is in normal control
rats. Flohr et al [18] measured regional distribution
of blood flow and calculated resistance for each re-
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Fig. 4. Arteriolar response of renal allografts to microapplied
doses of norepinephrine (NE) and the vehicle (V) in hypertensive
(._.) and normorensive (o_o) hamsters. The mean arteriolar
response with SEM is shown for the cheek pouch arteriole, af-
ferent arteriole, and efferent arteriole. Asterisks (*) denote signif-
icant differences between arterioles only for intragroup com-
parisons.
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gion in the one-kidney and two-kidney Goldblatt
hypertensive model in rats. They found that total
vascular resistance was increased in both models
but there was no apparent change in renal blood
flow and thus resistance in renal tissue. Also, 2
weeks after clamping one kidney in the rat when
arterial pressure was elevated, Smith and Somova
[191 found that renal blood flow was not altered in
the contralateral kidney. Recently, Azar et al [20],
investigating single-nephron dynamics in rats with
one-kidney "postsalt" hypertension, determined
that the sum of afferent and efferent arteriolar resis-
tance was decreased in surviving nephrons of hy-
pertensive rats. They concluded that in this model
of hypertension, total renal resistance was de-
creased. Thus, these experimental studies, along
with the present geometric data indicate that in vari-
ous forms of renal or essential hypertension, renal
resistance might be either decreased or unchanged.
The present results indicate that during the devel-
opment of hypertension both the afferent and ef-
ferent arteriole show an increased response to All
as compared to controls. Only the efferent arteriole
demonstrates, however, an increased response to
NE. Consequently, the combined evidence of an in-
creased afferent luminal diameter and an increased
response of the efferent arteriole to both vasoactive
agents indicates that glomerular capillary pressure
would be increased. Baldwin, Gombos, and
Chasis [21] suggested that differential effects of
vasoactive substances on the glomerular arterioles
and the resultant increase in glomerular capillary
pressure may account for a natriuresis sometimes
associated with hypertension. Also, Azar, Tobian,
and Johnson [21, measuring renal micro vascular
pressures in hypertensive animals, suggested that
the combined effects of increased glomerular and
peritubular capillary pressures would facilitate a
natriuresis. Furthermore, Azar et at [20] directly
measured glomerular capillary pressure in these hy-
pertensive rats and found that glomerular capillary
pressure was elevated by 22 to 38%. Our results
with the renal grafted model are consistent with
these data and the hypothesis that increased gb-
merular capillary pressure would facilitate a natri-
uresis.
Goldring et al [1] found that patients with well-
developed essential hypertension presented de-
creased renal blood flows and increased filtration
fractions. They concluded that this effect was due
to the action of pressor substances on the efferent
arteriole. Although we could not demonstrate any
structural alterations to substantiate a decreased
renal blood flow in our hypertensive model, we did
show that pressor substances act selectively on ei-
ther glomerular arteriole; therefore, glomerular
blood flow and/or capillary hydrostatic pressure
may be dramatically modulated by variations in not
only the levels of circulating vasoactive substance
but also in the sensitivity and heterogeneity of their
receptor populations.
The increased response of the efferent arteriole to
both vasoactive agents may be due to hypertrophy
of the smooth muscle in the vessel. This hypothesis
was advanced by Folkow et a! [8] for the increased
reactivity to NE in the isolated-perfused kidneys of
SHRs. When a similar analysis is presented, how-
ever, for the afferent arteriole, the results are not
substantiated. That is, even though there is an in-
crease in wall thickness of the afferent arteriole, on-
ly an increased reactivity to All is present. There-
fore, the increase in arteriolar sensitivity to vasoac-
tive agents might not be the result of a single
phenomena, for example, hypertrophy, but rather a
complex interaction of many variables, including
vascular reactivity and/or sensitivity, alterations in
vascular receptors, smooth muscle hypertrophy,
and alterations in the electrical or mechanical prop-
erties of the vascular smooth muscle cells.
The increased response of the cheek pouch arteri-
ole to both vasoactive agents during the develop-
ment of hypertension is consistent with previous re-
sults from this laboratory [121. Our previous study,
however, showed an increased arteriolar response
without changes in luminal and wall diameters and
no changes in wallllumen ratios. The present results
show an increase in luminal and wall diameters ac-
companying the changes in vascular responsive-
ness. The wall/lumen ratios, however, remained un-
changed. Our previous study evaluated cheek
pouch arterioles an order larger (40 to 50 j) than
those tested in this study. Thus, these geometric
differences may be due to the arteriolar size and
branching order of the vessels tested in the present
study.
These studies have shown that during the devel-
opment of renal hypertension, structural alterations
in the glomerulus along with an increased response
to NE and All on the efferent arteriole are consis-
tent with an increase in glomerular capillary pres-
sure in hypertension. Thus, the major determinant
of the alterations in glomerular pressure in hyper-
tension primarily involves the efferent arteriole.
Characterization of the hydrostatic pressure profile
for the glomerulus, however, would further clarify
not only the renal hemodynamic changes but also
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the role of the kidney in the development and main-
tenance of hypertension.
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